We report an experimental study of the scattering of a sound wave of frequency f by a surface vibrating at frequency F . Both the Doppler shift at the vibrating surface and acoustic nonlinearities in the bulk of the fluid, generate the frequencies f ± nF (n integer) in the spectrum of the scattered wave. We show that these two contributions can be separated because they scale differently with respect to the vibration frequency and to the distance between the vibrating scatterer and the detector. We determine the parameter ranges in which one or the other mechanism dominates and present quantitative studies of these two regimes.
Introduction
A problem of interest in the discussion of nonlinear effects is how the boundary surfaces of the media affect the results. Generation of longitudinal waves from transverse ones in solids [1] , first to second sound conversion in superfluid helium [2] , second harmonic generation in optics [3] , can result from both bulk nonlinearities and boundary conditions at interfaces. An essential question is thus, how can one distinguish between bulk and surface nonlinearities.
In particular, this problem arises when an acoustic wave of frequency f is reflected by a boundary vibrating at frequency F . The scattered signal being Doppler shifted, its spectrum involves peaks at frequencies f ± nF (n integer) [4] . The vibrating surface also emits an acoustic wave at frequency F that interacts with the high frequency one f through nonlinear terms in the conservation equations and in the equation of state. These also generate sum and difference frequencies [5, 6] . Although Doppler shift and bulk nonlinearities lead to spectra with the same components of frequency, the amplitudes of the waves generated through bulk nonlinearities increase with distance from the vibrating surface, thus it has been argued that they give the dominant contribution to the spectrum within a fraction of a wavelength of the scatterer's surface. It has been even claimed that the contribution of the Doppler effect might be undetectable [7] . This has been the subject of a strong theoretical controversy [4, 7] . In this letter, we present an experimental study of the spectral characteristics of an acoustic wave scattered by a vibrating pisa e-mail: fauve@physique.ens.fr b UMR 8550 ton. We show that there exists a wide parameter range in which the Doppler shift gives the dominant contribution to the spectrum of the scattered wave. We then study the cross-over to the bulk nonlinear regime.
Doppler shift versus bulk acoustic nonlinearities
The scattering of a wave by a vibrating surface, ξ = A sin Ωt (Ω = 2πF ), has been widely studied theoretically, first in the case of electromagnetic waves [8] and then in acoustics [4] . A simple way to describe this process is to consider the Doppler shift of the high frequency wave scattered by the vibrating surface. We assume that this wave is emitted by a transducer located at a distance L from the plate, reflected normally and detected by the same transducer. Thus the scattered wave measured at time t, has been generated at time t − τ (t) and reflected at time t − τ (t)/2. Writing that it propagated at velocity c gives
The detected wave is thus of the form
If A L, we have τ (t) ≈ 2L/c. In addition, if the velocity of the plate is small compared to the sound velocity c, M ≡ AΩ/c 1, we can substitute this value of τ in the vibration amplitude ξ in (2). We get the quasi-static 
Consequently, we observe that the Doppler effect generates a phase modulation of scattered wave with a characteristic magnitude ∆Φ D = 2kA where A is the vibration amplitude and k the wave number of the high frequency wave. Using
we observe that the amplitude of the peak at pulsation ω ± nΩ is given by the modulus of the Bessel function of order n, |J n (2kA)| which scales like (kA) n for kA small. Acoustic nonlinearities in the bulk of the fluid also generate a phase modulation of the high frequency wave [9] . There are two contributions, the nonlinear terms in the fluid equations and those in the equation of state. In the case of plane waves their effect can be understood as a modification of the high frequency wave propagation velocity c by an amount ∆c ∝ V Ω ∝ P Ω /ρc where V Ω (resp. P Ω ) is the typical amplitude of the velocity (resp. the pressure) modulation related to the low frequency wave, and ρ is the fluid density. When the two waves are counterpropagating, the nonlinearly generated waves remain small because of the absence of phase matching. On the contrary, when the two waves propagate in the same direction, the phase of the nonlinearly generated waves can remain locked to the ones of the parent waves and the effect is cumulative. After propagation over a distance L, the characteristic magnitude ∆Φ NL of the phase modulation due to bulk nonlinearities is ∆Φ NL ∝ L∆k = Lω∆c/c 2 ∝ LωP Ω /ρc 3 . A detailed calculation in the case of a perfect gas of adiabatic index γ gives ∆Φ NL = (1+γ)LωP Ω /2ρc 3 [9]. For a liquid, one should replace (1+γ)/2 by the acoustic nonlinear parameter = 1 + ρ(∂c/∂ρ) S /2c [10]. The first term on the right hand side is due to the nonlinearity of the conservation equations whereas the second traces back to the equation of state.
Thus, both the Doppler effect and bulk nonlinearities generate a phase modulation of the high frequency wave by the low frequency one. However, the shifted peak amplitudes scale differently with the vibration parameters: they depend on the vibration amplitude A when the Doppler effect is dominant and on the low frequency pressure P Ω when bulk nonlinearities are dominant. We emphasize that despite these different scalings, the Doppler effect cannot be singled out just by decreasing the amplitude of the waves. It results from boundary conditions at the moving interface which are nonlinear as can be easily seen by taking the Taylor expansion of the fields at the interface in the vicinity of ξ = 0. The successive powers of the vibration amplitude are then involved in the boundary conditions, thus generating the frequencies f ± nF . Nonlinearities arising from boundary conditions at free interfaces are very common in capillary-gravity waves, crystal growth and flame fronts.
The importance of the Doppler shift related to the effect of bulk nonlinearities is thus measured by the parameter
In the case of plane propagating waves (P Ω = ρcV Ω ∝ ΩA), we have Y ∝ Λ/L where Λ is the wavelength of the low frequency wave.
Experiments in water
Experiments have been performed both in air and in water, in different geometrical configurations. The set-up in air has been used to determine the dominant mechanism that generates sum and difference frequencies, the Doppler effect versus bulk acoustic nonlinearities, whereas the one in water allowed a quantitative study of the characteristics of the wave scattered from a vibrating piston when bulk nonlinearities are negligible compared to the Doppler effect. Experiments in water have been performed in a tank of dimensions 72 × 68 × 55 cm, thermally regulated at temperature T = 15 ± 0.2 • C. Its lower boundary is covered with a layer of plastic foam (Plastiform's) in order to minimize the effect of multiple reflections. A square piston made of PMMA, of dimensions 15× 15 cm and 10 mm thick, located beneath the upper surface of the water, is driven sinusoidally by an electromagnetic vibration exciter (BK4808). Its motion is described by ξ = A sin Ωt and is recorded using an accelerometer (BK 4393V) fixed on the piston. The range of vibration parameters is 3 × 10 −10 < A < 10 −3 m, 30 < F < 6000 Hz. A dual transducer (Panametrics D706), 13 mm in diameter, located at a distance L = 18 cm below the piston, generates an incident wave at frequency f = 2.25 MHz (ω = 2πf ) and records the wave scattered by the vibrating piston. Its power spectrum, computed by a spectrum analyzer (Agilent 3589A), is displayed in Figure 1 for F = 30 Hz. We observe that the number and the amplitude of the peaks at frequencies f ± nF for n ≥ 1 (n integer) first increases when the amplitude A is increased from zero (Fig. 1a, b) . Figure 2 shows that the normalized amplitudes P ω+Ω /P ω do not depend on the vibration frequency F in the range 30 < F < 3000 Hz. A slight dependence on F begins to be observed only for F = 6000 Hz. Thus for F < 3000 Hz, the Doppler effect is dominant and bulk nonlinearities can be neglected. For kA small, the amplitude of the peak at frequency f ± nF (n ≥ 1) increases like (kA) n , as shown for n = 1 and n = 2. On the contrary, the amplitude of the component at frequency f of the scattered wave decreases and we observe that it almost vanishes for 2kA ≈ 2.3 (see Fig. 1c ). It increases when A is increased further above 2kA ≈ 2.3, then decreases and vanishes again for
